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Abstract

structure

Single-crystal indium antimony (InSb) nanowire was fabricated into middle-infrared photodetectors based on a
metal-semiconductor-metal (M-S-M) structure. The InSb nanowires were synthesized using an electrochemical
method at room temperature. The characteristics of the FET reveal an electron concentration of 3.6 x 10" cm™
and an electron mobility of 21525 cm? V™' s™'. The photodetectors exhibit good photoconductive performance,
excellent stability, reproducibility, superior responsivity (84 x 10* A W™"), and quantum efficiency (1.96 x 10%%).
These superior properties are attributed to the high surface-to-volume ratio and single-crystal 1D nanostructure of
photodetectors that significantly reduce the scattering, trapping, and the transit time between the electrodes
during the transport process. Furthermore, the M-S-M structure can effectively enhance space charge effect by the
formation of the Schottky contacts, which significantly assists with the electron injection and photocurrent gain.
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Background

One-dimensional (1D) nanostructure materials have re-
ceived considerable attention because of their importance
in potential applications in electronics and photoelectric
nanodevices [1]. With high surface-to-volume ratio and
Debye lengths comparable to nanomaterial's diameters,
the electronic and photoelectric properties of 1D nano-
structure are strongly affected by the surface effect via
chemisorption (oxygen adsorption) and native surface
defects [2-4]. Thus, 1D nanostructure exhibits a superior
sensitivity to light and chemical molecules compared to
the thin film and bulk. Due to these properties, electronic
devices fabricated using 1D nanostructure have been
extensively adapted in photodetectors [5], gas sensors [6],
and dye-sensitized solar cells [7], respectively. Of these ap-
plication fields, photodetectors or switches based on semi-
conductor materials have been the focus of considerable
attention in recent years because of their high sensitivity
and high quantum efficiency. Furthermore, the different en-
ergy band gaps imply that photodetectors can be applied
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flexibly on various wavelengths. To date, photodetectors
based on 1D semiconductor nanostructures, such as SnO,
nanowires [8], ZnO nanowires [9], ZnSe nanobelts [10],
CdS nanoribbons [11], and CuO nanowires [12], have been
reported. These 1D nanostructure photodetectors exhibit
outstanding performance; however, the detection range that
has been investigated so far falls primarily between the
infrared and ultraviolet region. In fact, 1D nanostructure
photodetectors of the mid- to long-wavelength infrared
(IR) region have seldom been reported because only a few
other materials can be used in this region.

Indium antimony (InSb), one of the III-V compounds
with a face-centered cubic structure of the zincblende
type, is a useful material for producing mid- to long-
wavelength IR photodetectors because of the smallest
band gap (E; = 0.17 eV, at 300 K). In addition, owing to
the small effective mass (7%, = 0.014 m,) and the ballistic
length (up to 0.7 um at 300 K), InSb has an extremely high
carrier mobility (i.e., electron mobility of 77,000 cm*V's™)
[13]. Therefore, InSb is a highly promising material for de-
vice applications involving high-speed-response electronic
nanodevices, optical communication devices, and optical
detectors [13,14]. Owing to the aforementioned unique
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characteristics, now, many groups use different synthesis
methods to produce InSb nanowires, ie., chemical beam
epitaxy [15], chemical vapor deposition [16], and pulsed
laser deposition (PLD) [17]. Meanwhile, the electrical
transport characteristics are also widely investigated
[18,19]. However, only few groups study on the IR detec-
tors, particularly on the mid- to long-wavelength region
[20,21]. This work shows that InSb nanowires can be
successfully synthesized at room temperature by applying
electrochemical method with an anodic aluminum oxide
(AAO) template. The synthesizing process was simple,
fast, and straightforward in fabricating large-area InSb
nanowires at low temperature compared to other thermal
reactive processes. Moreover, individual InSb nanowires
based on a metal-semiconductor-metal (M-S-M) structure
were fabricated into the photodetectors. It shows high sen-
sitivity, good stability, reproducibility, and response speed
after illumination with middle-infrared (M-IR; 5.5 pm)
light. Furthermore, a systematic study of the photoresponse
was performed, which revealed a clear dependence of the
photocurrent, carrier lifetime, and quantum efficiency on
the light intensity, defect, and M-S-M structure.

Methods

InSb nanowires were synthesized using the electro-
chemical method. A gold (Au) film coated on an AAO
(Whatman®, GE Healthcare, Maidstone, UK) membrane
was used as a conductive layer to grow the nanowires.
The pore diameter of the AAO membrane was approxi-
mately 200 nm. The electrolyte consisted of 0.15 M InCl,
0.1 M SbCl3, 0.36 M CgHgO,-H,0, and 0.17 M KCl. The
solvent of the electrolyte was distilled water. A typical
three-electrode electrochemical cell was used during the
InSb electrodeposition. The Au film on the AAO mem-
brane was regarded as the working electrode. A platinum
wire and an Ag/AgCl electrode were subsequently applied
as the counter electrode and the reference electrode,
respectively. The deposition time was controlled at 40 min
in conditions of a deposition potential of —1.5 V, in contrast
to the Ag/AgCl reference electrode at room temperature.
Following the deposition, the sample was removed from
the AAO membrane with a 5 wt % NaOH solution and
then washed five times with distilled water.

The as-prepared nanowires were examined using field
emission scanning electron microscope (FESEM; operated
at 10 kV; HITACHI S-4800, Chiyoda-ku, Japan), a desktop
X-ray diffractometer (D2 Phaser, Bruker, Madison, WI,
USA), a high-resolution transmission electron microscope
(HRTEM; operated at 200 kV, JEM-2100F, JEOL Ltd,,
Tokyo, Japan) with energy-dispersive X-ray spectroscope
(EDX), and an X-ray photoelectron spectroscope system
(PHI600 system, PerkinElmer, Waltham, MA, USA).
Furthermore, the transport property was evaluated using
the InSb nanowires further fabricated into a field-effect
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transistor (FET). The synthesized InSb nanowires were
dispersed uniformly in ethanol and dropped on a SiO,/p-Si
substrate. The Si substrate was applied as a back-gate.
After drying out the suspension, the Ti/Cu (20/120 nm)
electrodes were deposited on the two ends of the nanowire
through photolithograph, e-beam evaporation, and lift-off
processes. Additionally, the InSb nanowire-based M-S-M
structure photodetectors were fabricated through a
microfabrication process and focused ion beam (FIB)
technique. Here, the pattern of Ti/Au (20/120 nm)
electrode was fabricated using standard lithographic
methods on a SiO,/Si substrate. The synthesized InSb
nanowires were transferred onto a SiO,/Si substrate with
pre-patterned Ti/Au electrodes. Subsequently, the FIB
instrument (Dual-Beam Helios 600i, FEI, Shanghai, China)
was used to deposit Pt, which connects the wires between
the Ti/Au electrodes. Finally, The Pt-InSb-Pt (M-S-M)
photodetector structure of back-to-back Schottky contacts
was obtained. To evaluate the M-S-M photodetectors, a
M-IR light at a 5.5-um wavelength was used as an excitation
light source. The transport and photosensitivity properties
were analyzed using the semiconductor characterization
system (4200-SCS, Keithley Instruments Inc., Cleveland,
OH, USA) at room temperature.

Results and discussion

The typical FESEM image, shown in Figure 1la, indicated
that the InSb nanowires are abundant, well-aligned, and
uniformly distributed on the Au layer, with diameters of
approximately 200 nm, which correspond to the pore size
of the AAO membrane. Their length reached up to several
tens of micrometers. Figure 1b shows the XRD pattern
of the characterized crystalline structure of synthesized
products. The diffraction peaks could be indexed to the
zincblende structure of InSb (JCPDS 06—0208) with lattice
constants of 0.64 nm. The pattern presented no In and Sb
peaks, except for the high-purity InSb structure.

In the analysis, the defect structure and the crystallinity
of the synthesized nanowires were more closely examined
using HRTEM. Figure 1c shows an HRTEM image of a
single InSb nanowire and a corresponding selected area
electron diffraction (SAED) pattern from the nanowire as
the inset. Both the SAED pattern and the HRTEM image
verify that the synthesized InSb nanowires have a single-
crystal zincblende structure. The SAED pattern indicates
that [220] is the preferred growth orientation of InSb
nanowires, which coincides with the XRD result. The
enlarged HRTEM image in Figure 1d revealed a clear
lattice spacing of atomic planes of approximately 0.23 nm
corresponding to the {220} plane of InSb. According to
the EDX spectrum, the composition of the synthesized
nanowires was only In and Sb. The composition ratio of
In/Sb was approximately 1:1, as shown in Figure le. The
InSb nanowires were formed using the electrochemical
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Figure 1 SEM image, XRD pattern, TEM and HRTEM images, and
EDX spectrum of synthesized InSb nanowires. (a) SEM image
shows the well-aligned and dense InSb, in which the image reveals
the diameter (200 nm) of the InSb nanowires. (b) XRD pattern of the
synthesized InSb nanowires. (¢) An HRTEM image of InSb nanowires
reveals the preferred growth orientation being along [220]. The inset
is a selected area electron diffraction (SAED) image. (d) The enlarged
HRTEM image shows the clear lattice spacing of atomic planes. (e)
EDX spectrum shows the composition of the synthesized

InSb nanowire.

method at room temperature. Both InCl; and SbCl; pro-
vided metal ion sources to synthesize the InSb nanowires.
Because of the difference in the deposition potential of In
and Sb, CgHgO7-H,O was used to enable the deposition
potentials of In and Sb to approach each other. In
addition, the KCl concentration controlled the deposition
rate of In and Sb to achieve a precipitation ratio of 1:1.
Moreover, the precipitation of In and Sb could spon-
taneously form InSb (AG3gox < 0) at room temperature
(as shown in Equation ( 1)). The equation for the formation
reaction can be expressed as:

In)+Sb(s)= InSb(y), AG300x=-26.4 k] /mole (1)

The negative Gibbs energy (AG) implies that the forma-
tion reaction is spontaneous. Equation (1) demonstrates
the feasibility of applying the electrochemical method to
synthesize the InSb nanowires at room temperature.

To evaluate the basic electrical transport characteristics
of the as-prepared InSb nanowire, a FET was fabricated.
Figure 2a shows the Iy, versus Vg, curve of the single InSb
nanowire under various Vg (gate bias) from 2 to 6 V. The
Iy versus Vg curve of the InSb nanowire revealed a
pronounced n-type semiconductor property, in which the
current of the nanowire increases with an increasing gate
bias. The n-type conductivity might have originated from
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Figure 2 The characteristics of the field-effect transistor based
on an individual InSb nanowire. (a) /s versus Vg characteristic
curve under different gate voltage. The inset shows the SEM image of
FET based on a single InSb nanowire. (b) /45 versus Vg, characteristic
curve at Vys = 5 V. The carrier concentration of 3.6 x 10'” cm™ and
mobility of 21525 cm? V™' s~ are obtained.

the Sb vacancies in the InSb nanowires [22-24]. The Sb
vacancy may derive from the surface defects, as reported in
our previous work [25]. Additionally, other semiconductor-
related studies described the vacancy-induced n-type
conductivity in 1D nanoscale [26,27]. The inset revealed
the SEM image of the single InSb nanowire connected
to Cu electrodes. Figure 2b shows that I45 is dependent
on Vg at Vg as 5 V. The Iy increased when Vj, increased
from -7 to 11 V; in addition, the I,,/I 4 ratio was only
approximately 8.9. The channel transconductance could be
deduced based on the linear region from -4 to 7 V. Corres-
pondingly, the electron mobility (i) of the InSb nanowire
could be estimated using the following equation [28]:

b= g, LY CVe, 2)
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where g, is the channel transconductance of FET g, =9
l4s/0 Vgs. C is the nanowire capacitance, and L is the
nanowire length between the electrodes. The capacitance
of the nanowire can be regarded as C = 2megjegio,L/In
(4h/d), where es0, is the dielectric constant of SiO,
(approximately 3.9), gy is the vacuum permittivity, / is
the thickness of SiO, (120 nm), and d is the average radius
of the InSb nanowires. These equations show that the cal-
culation of the 4 is 21525 cm® V™' s™" at Vg = 5 V. The
value is about two times higher than the reported value of
PLD fabricated InSb nanowires [17]. However, the value is
much smaller than those of the bulk and other reported
InSb nanowires [29,30]. The possible reasons are attrib-
uted to the scattering and trapping of electrons, and
high contact resistance [31,32]. The trapping of electrons
in the trap states (Oy) + € — O3(aq)) can cause electron
depletion in the channel. Next, the surface roughness
(due to the presence of surface defects) and impurity
may cause electron scattering, leading to the limited
mobility. It is still higher than other application of photo-
detector of oxide semiconductor materials [33-35]. This im-
plies that it may affect the sensitivity of the photodetector.
Furthermore, according to o = ngu, where the o is the con-
ductivity, # is the electron concentration, g is the charge of
an electron, and y is the mobility, the corresponding elec-
tron concentration (#,) of the InSb nanowire was estimated
to be 3.6 x 10" cm™>.

To understand the photoresponse characteristics of the
InSb nanowires, a single InSb nanowire was connected
with the Pt Schottky contact electrodes to fabricate a
nanodevice based on the M-S-M structure and measured
using a Keithley 4200 system. The Pt-InSb-Pt structure
constitutes a typical M-S-M photodetector. The photocur-
rent of the InSb nanowire is dependent on light intensity.
Figure 3a shows the I-V curves of the InSb nanowire irra-
diated with a wavelength of 5.5 um at different light inten-
sities. The symmetric rectifying I-V curves exhibited two
characteristics of back-to-back Schottky contacts at the
two ends of the InSb nanowire. Furthermore, it shows that
the conductance increases from 618.9 nS in a dark state to
3320 nS in a state of light intensity of 508 mW cm™. The
simultaneous increase of the photocurrent with the light
intensity is consistent with the carrier generation efficiency
being proportional to the absorbed photon flux. Figure 3b
shows that the photocurrent dependence on light intensity
can match a simple power law: I = AP? where A is a
constant for a certain wavelength, and the exponent 6
determines the response of the photocurrent to the
light intensity. Fitting the curve yields 6 = 0.2. The
non-unity and a small 8 suggest a complex process of
electron—hole generation, recombination, and trapping
[36]. Furthermore, the result implies the existence of
numerous defects for the InSb nanowire. The existence of
defects may derive from the surface vacancy, as reported in
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our previous work [25]. The same phenomenon had been
observed in studies on CdS nanobelts [37] and CdTe
nanoribbons [38]. In addition, the quantum efficiency (QE)
is a critical parameter in evaluating a photosensitive device,
which relates to the number of electron—hole pairs excited
by one absorbed photon, and can be used to determine the
efficiency of electron transport and collection by electrodes.
A high QE corresponds to a high sensitivity. The QE can
be expressed by the following equations [39]:

QE = N¢/N;, = T/tyan = hcRy /el (3)
Ry = AI/PS (4)

where N, is the number of electrons collected in a unit
time, N}, is the number of photons absorbed in a unit time,
T is the carrier lifetime, t,,, is the transit time between the
electrodes, and 1 is the wavelength of irradiated light. Ry is
the spectral responsivity, defined as the photocurrent
generated per unit of power of the incident light on effect-
ive areas. Al is the difference between a photocurrent and
a dark current, P is the incident light intensity, and S is
the area of the nanowire. For the incident light of 5.5 um
at 0.49 mW cm 2, Ry is 8.4 x 10* A W™, This corresponds
to a QE of 1.96 x 10°%. These high values might rival
or surpass some of the reported photodetectors, such
as ZnS nanowires (R, of approximately 1.86 A W ™" and
QE of approximately 7.1 x 10%%) [40], CdTe nanoribbons
(Ry of approximately 7.8 x 10> A W' and QE of ap-
proximately 2.4 x 10°%) [38], ZnSe nanobelts (R, of
approximately 0.12 A W' and QE of approximately 37.2%)
[10], CdS nanoribbons (R of approximately 39.5 A wt
and QE of approximately 1.0 x 10*%) [11], and WS,
nanotubes (R, of approximately 3.14 A W' and QE of
approximately 615%) [41]. The R, dependence on the
light intensity is shown in Figure 3c. The dependence
of QE on the light intensity is also plotted, as shown in
Figure 3d. This logarithmic plot shows that the relation
of QE of approximately P~°77 fits the power law.

This work finds that R, and QE decrease with increasing
light intensity. The reductions of R, and QE are strong
manifestations of a hole trap at a relatively high light
intensity. Under illumination, the photogenerated holes
were trapped by the oxygen ions, and the electrons contrib-
uted to the photocurrent. However, the saturation of the
electron is trap at high light intensity, reducing the number
of available hole traps because of the increasing recombin-
ation of photogenerated electron—hole pairs [38,42]. Fur-
thermore, the onset of electron-hole pair recombination at
a high light intensity might also contribute to the shorten-
ing of the carrier lifetime.

The sensitivity and response speed determine whether a
photodetector can feasibly perform as an optical switching
device. Therefore, a fast response speed is also a crucial
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concern. However, the response speed is proportional to
the carrier lifetime [43]. The time-dependent photo-
response of the InSb nanowire at light intensities of
508 mW cm > was measured by periodically switching
on and off at a bias of 9V, as shown in Figure 4a. The

photocurrent exhibits a good, clear, and stable variation.
Furthermore, the photocurrent recovered swiftly to
its original value when the illumination ceased. The
photocurrent-to-dark current ratio (/,,/l,¢) increases
from 177% to 571% when the light intensity increases
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from 0.49 to 508 mW cm™?, as shown in Figure 4b.
Figure 4c and d illustrates the time constants for the
response (rise) and the recovery (decay) edges at different
light intensities, respectively. The time constants for rise
and decay edges of a single cycle can be shown in the
following equations [44], respectively:

=1, (1—e't/fr) (5)
I=1Ipe"% (6)

where [ and I, are the photocurrents with and without
illumination, respectively; 7, is the time constant for
the rise edge, and 74 is the time constant for the decay
edge. Both the rise and decay edges of the photocurrent
match the mentioned exponential equation. The time
constant 7, decreases from 1.18 to 0.26 s when the light
intensity increases from 0.49 to 508 mW cm™ > Fur-
thermore, the time constant 74 decreases from 2.65 to
0.40 s when the light intensity increases from 0.49 to
508 mW cm 2 In this case, both 7, and 74 decrease
with an increasing light intensity because of the distribu-
tion of traps in the energy band of the InSb nanowires.
When the light is switched on, the excess electrons and
holes are generated, and subsequently, two quasi-Fermi
levels (one for electrons and one for holes) are induced.
When the light intensity increases, the quasi-Fermi levels
for electrons and holes shift toward the conduction and
valence bands, respectively, and an increasing number
of traps are converted to recombination centers [5,44].
Therefore, the rise and decay times decrease significantly,
and the response and recovery speeds increase. In this
work, the time constants are higher than those reported
elsewhere because of the defect trapping (surface vacancy)
in this process. The photogenerated electrons might
first fill traps to saturate them and subsequently reach
the maximum number, which delays reaching a steady
photocurrent. Moreover, the photogenerated electron,
in returning to the valence band from the conduction,
might first become trapped by the defects before reaching
the valence band, which delays reaching a steady dark
current [36,45]. The defect trapping can increase the
carrier lifetime (enhancing QE); however, the response
and recovery times also increase. Furthermore, the rise
time 7, is smaller than the decay time 74. The long decay
time can be attributed to the trapping and adsorption pro-
cesses of the oxygen surface [46].

In this work, the high QE for the InSb nanowires is
ascribed to the high surface-to-volume ratio and superior
crystallinity of the InSb nanowires and the M-S-M
structure. The high surface-to-volume ratio can signifi-
cantly increase the number of hole-trap states and pro-
long the carrier lifetime. In the dark, oxygen molecules
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are adsorbed on the nanowire surface and capture free
electrons (Oyg) + € — Oy (ag)), and thus, the depletion
layer forms near the surface, which reduces the density and
mobility of the carrier. When illuminated (hv — e + k"),
electron—hole pairs are generated; the holes migrate to the
surface and discharge the adsorbed oxygen ions through an
electron—hole recombination (4" + Oy (aa) —Ox(g). Un-
paired electrons become major carriers that contribute to
the photocurrent. This hole-trapping process significantly
separates the electron—hole pairs and largely increases the
carrier lifetime. [3,4,47] Meanwhile, the superior crystal-
linity of InSb nanowires can reduce the scattering and car-
rier trapping during the transport process between two
electrodes, and the photocurrent rapidly reaches a steady
state in both the response and the recovery stages [48].
Additionally, the electron mobility may affect £, and
enhance the QE. [36] Because ty., = [/v and v = uE
(where [ is the electrode distance) the carrier drift velocity
v is the product of mobility 4 and the applied electric field,
while the QE can be rewritten as QE = 7/t = TuE/l. In
this work, the mobility value of the InSb nanowire is
215.25 cm® V™' 57!, which guarantees the effective trans-
port of the electrons between two electrodes. Finally, the
M-S-M structure with back-to-back Schottky contacts can
significantly enhance the photocurrent density and further
increase the sensitivity of the device. The enhancement is
caused by the enhanced surface band-banding effect due

~

(@) i

q(P,-Vy)

Figure 5 Band diagrams of metal-semiconductor-metal structure.
(a) Dark conditions under bias V, and (b) under illumination with bias
Vi @y and @, are the Schottky barriers at the two ends. A is the
depletion width.
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to the existence of the localized Schottky contact, leading
to a pronounced electron—hole separation effect. Figure 5a
illustrates the band diagrams of the Schottky barrier with
a reverse bias in the dark. The depletion region (1) near
the InSb nanowire surface is formed by the surface state
in the contacted region between the depletion region
and the Pt electrode. In the dark, the width of the deple-
tion region is thick, which hinders the carrier flow and,
therefore, reduces the dark current. Under illumination,
the photogenerated electrons and holes are attracted to
lower energy sites, subsequently leading to transporting
the electrons and the holes along two paths. Moreover,
the separation of electrons and holes further reduces the
recombination probability and significantly increases the
lifetime. The holes are mostly trapped in the depletion re-
gion under a reverse bias. The redistribution of the space
charge increases the positive charge density in the depletion
region, thereby shrinking its width. The narrowing of the
depletion region allows the electrons to tunnel in the
nanowire. Contemporarily, the accumulated positive charge
attracts electrons from the electrode into the nanowire,
resulting in the enhancement of a current gain greater than
unity and increasing the electron transport speed [49,50],
as shown in Figure 5b. Furthermore, the oxygen is desorbed
and reabsorbed in the interfacial region rather than over
the entire surface of the nanowire. Therefore, the response
and recovery time significantly decrease [51].

Conclusion

This work demonstrated the feasibility of synthesizing
single-crystal InSb nanowires using the electrochemical
method at room temperature. Characteristic FET devices
based on InSb nanowires have n-type conductivity because
of the Sb vacancies. Meanwhile, InSb nanowires have an
electron concentration of 3.6x 10'” cm™ and an electron
mobility of 215.25 cm® V™' s, Individual InSb nanowire
was fabricated for M-IR photodetectors based on the
M-S-M structure. A power-law dependence of the
photocurrent on the light intensity was observed, which
suggests the existence of defect states that are consist-
ent with an n-type conductivity mechanism in the InSb
nanowires. Moreover, the photodetectors exhibit good
photoconductive performance, good stability and repro-
ducibility, superior responsivity (8.4 x 10* A W‘l), and
quantum efficiency (1.96 x 10°%). These unique properties
are attributed to the high surface-to-volume ratio and
superior crystallinity of InSb nanowires. In addition, the
M-S-M structure can further enhance N, (or Al) and the
electron transport speed, significantly increasing the sensi-
tivity of the photodetectors. The superior photoelectric
properties of InSb nanowires are highly promising for
application in high-sensitivity and high-speed nanoscale
optical communication devices and photodetectors.

Page 7 of 8

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

CHK wrote the manuscript and performed all the experiments and the data
analysis. SJL and JMW provided the information and organized the final
version of the paper. WCC has produced the FET device. All authors read
and approved the final manuscript.

Authors' information

CHK and WCC are PhD students at National Tsing Hua University. SJL holds a
professor position at National Tsing Hua University. JMW holds an associate
professor position at National Tsing Hua University.

Acknowledgments

The authors thank Mr. Guo-Kai Hsu for the helpful SEM analyses, Mr. Hsin-I Lin
for the helpful FIB experiment, and the financial supports from the National
Science Council, Taiwan, under grant numbers NSC-99-2221-E-007-069-MY3
and NSC-100-2628-E-035-006-MY2.

Received: 2 April 2013 Accepted: 11 July 2013
Published: 18 July 2013

References

1. Chen CY, Huang JH, Lai KY, Jen YJ, Liu CP, He JH: Giant optical anisotropy
of oblique-aligned ZnO nanowire arrays. Opt Express 2012, 20:2015-2024.

2. Chen MW, Chen CY, Lien DH, Ding Y, He JH: Photoconductive
enhancement of single ZnO nanowire through localized Schottky
effects. Opt Express 2010, 18:14836-14841.

3. Chen CY, Chen MW, Ke JJ, Lin CA, Retamal JRD, He JH: Surface effects on
optical and electrical properties of ZnO nanostructures. Pure Appl Chem
2010, 82:2055-2073.

4. Chen CY, Retamal JRD, Wu IW, Lien DH, Chen MW, Ding Y, Chueh YL, Wu
Cl, He JH: Probing surface band bending of surface-engineered metal
oxide nanowires. ACS Nano 2012, 6:9366-9372.

5. LiL AuerE, Liao M, Fang X, Zhai T, Gautam UK, Lugstein A, Koide Y, Bandoa
Y, Golberg D: Deep-ultraviolet solar-blind photoconductivity of individual
gallium oxide nanobelts. Nanoscale 2011, 3:1120-1126.

6. Wu JM: A room temperature ethanol sensor made from p-type Sbh-doped
SnO, nanowires. Nanotechnology 2010, 21:235501.

7. LiuM, Wang H, Yan C, Will G, Bell J: One-step synthesis of titanium oxide with
trilayer structure for dye-sensitized solar cells. Appl Phys Lett 2011, 98:133113.

8. Wu JM, Kuo CH: Ultraviolet photodetectors made from SnO, nanowires.
Thin Solid Films 2009, 517:3870-3873.

9. Kind H, Yan H, Messer B, Law M, Yang P: Nanowire ultraviolet
photodetectors and optical switches. Adv Mater 2002, 14:158-160.

10.  Fang X, Xiong S, Zhai T, Bando Y, Liao M, Gautam UK, Koide Y, Zhang X,
Qian Y, Golberg D: High-performance blue/ultraviolet-light-sensitive
ZnSe-nanobelt photodetectors. Adv Mater 2009, 21:5016-5502.

11. Jie JS, Zhang WJ, Jiang Y, Meng XM, Li YQ, Lee ST: Photoconductive
characteristics of single-crystal CdS nanoribbons. Nano Lett 2006,
6:1887-1892.

12. Wang SB, Hsiao CH, Chang SJ, Lam KT, Wen KH, Hung SC, Young SJ, Huang
BR: A CuO nanowire infrared photodetector. Sensor Actuat A-Phys 2011,
171:207-211.

13.  Rode DL: Electron transport in InSb, InAs, and InP. Phys Rev B 1971,
3:3287-3299.

14. Zhang XR, Hao YF, Meng GW, Zhang LD: Fabrication of highly ordered
InSb nanowire arrays by electrodeposition in porous anodic alumina
membranes. J Electrochem Soc 2005, 152:C664-C668.

15. Vogel AT, Boor J, Becker M, Wittemann JV, Mensah SL, Werner P, Schmidt V:
Ag-assisted CBE growth of ordered InSb nanowire arrays. Nanotechnology
2011, 22:015605.

16.  Vaddiraju S, Sunkara MK, Chin AH, Ning CZ, Dholakia GR, Meyyappan M:
Synthesis of group lIl antimonide nanowires. J Phys Chem C 2007,
111:7339-7347.

17. Wang YN, Chi JH, Banerjee K, Griitzmacher D, Schépers T, Lu JG: Field effect
transistor based on single crystalline InSb nanowire. J Mater Chem 2011,
21:2459-2462.

18.  Caroff P, Wagner JB, Dick KA, Nilsson HA, Jeppsson M, Deppert K,
Samuelson L, Wallenberg LR, Wernersson LE: High-quality InAs/InSb



Kuo et al. Nanoscale Research Letters 2013, 8:327
http://www.nanoscalereslett.com/content/8/1/327

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

41,

nanowire heterostructures grown by metal-organic vapor-phase epitaxy.
Small 2008, 4:878-882.

Nilsson HA, Caroff P, Thelander C, Lind E, Karlstréom O, Wernersson LE:
Temperature dependent properties of InSb and InAs nanowire field-effect
transistors. Appl Phys Lett 2010, 96(153505):1-3.

Svensson J, Anttu N, Vainorius N, Borg BM, Wernersson LE: Diameter-dependent
photocurrent in InAsSb nanowire infrared photodetectors. Nano Lett 2013,
13:1380-1385.

Chen H, Sun X, Lai KWC, Meyyappan M, Xi N: Infrared detection using an
InSb nanowire. In Proceedings of IEEE Nanotechnology Materials and Devices
Conference: June 2-5 2009; Traverse City, Mi, USA. New York: [EEE; 2009:212-216.
Jin YJ, Zhang DH, Chen XZ, Tang XH: Sb antisite defects in InSb epilayers
prepared by metalorganic chemical vapor deposition. J Cryst Growth
2011, 318:356-359.

Rahul, Vishwakarma SR, Verma AK, Tripathi RSN: Energy band gap and
conductivity measurement of InSb thin films deposited by electron
beam evaporation technique. M J Condensed Matter 2010, 13:34-37.
Vishwakarma SR, Verma AK, Tripathi RSN, Das S, Rahul: Study of structural
property of n-type indium antimonide thin films. Indian J Pure and App!
Phys 2012, 50:339-346.

Kuo CH, Wu JM, Lin SJ: Room temperature-synthesized vertically aligned
InSb nanowires: electrical transport and field emission characteristics.
Nanoscale Res Lett 2013, 8:69.

Lim T, Lee S, Meyyappan M, Ju S: Tin oxide and indium oxide nanowire
transport characteristics: influence of oxygen concentration during
synthesis. Semicond Sci Technol 2012, 27:035018.

Stern E, Cheng G, Cimpoiasu E, Klie R, Guthrie S, Klemic J, Kretzschma |, Steinlauf
E, Turner-Evans D, Broomfield E, Hyland J, Koudelka R, Boone T, Young M,
Sanders A, Munden R, Lee T, Routenberg D, Reed MA: Electrical characterization
of single GaN nanowires. Nanotechnology 2005, 16:2941-2953.

Yuan GD, Zhang WJ, Jie JS, Fan X, Zapien JA, Leung YH, Luo LB, Wang PF,
Lee CS, Lee ST: p-type ZnO nanowire arrays. Nano Lett 2008, 8:8.
Thelander C, Caroff P, Plissard S, Dick KA: Electrical properties of InAs,;_,Sb,
and InSb nanowires grown by molecular beam epitaxy. App! Phys Lett
2012, 100:232105-1.

Das SR, Delker CJ, Zakharov D, Chen YP, Sands TD, Janes DB: Room
temperature device performance of electrodeposited InSb nanowire
field effect transistors. Appl Phys Lett 2011, 98:243504-1.

Plissard SR, Slapak DR, Verheijen MA, Hocevar M, Immink GWG, Weperen |,
Nadj-Perge S, Frolov SM, Kouwenhoven LP, Bakkers EPAM: From InSb
nanowires to nanocubes: looking for the sweet spot. Nano Lett 2012,
12:1794-1798.

Khanal DR, Levander AX, Yu KM, Liliental-Weber Z, Walukiewicz W, Grandal
J, Sdnchez-Garcia MA, Calleja E, Wu J: Decoupling single nanowire
mobilities limited by surface scattering and bulk impurity scattering.
Appl Phys Lett 2011, 110:033705.9.

Wu JM, Liou LB: Room temperature photo-induced phase transitions of
VO, nanodevices. J Mater Chem 2011, 21:5499-5504.

Luo LB, Liang X, Jie JS: Sn-catalyzed synthesis of SnO, nanowires and
their optoelectronic characteristics. Nanotechnology 2011, 22:485701.
Chang LW, Sung YC, Yeh JW, Shih HC: Enhanced optoelectronic
performance from the Ti-doped ZnO nanowires. J Appl Phys 2011,
109:074318.

Li L, Lee PS, Yan C, Zhai T, Fang X, Liao M, Koide Y, Bando Y, Golberg D:
Ultrahigh-performance solar-blind photodetectors based on individual
single-crystalline In,Ge,0, nanobelts. Adv Mater 2010, 22:5145-5149.

Li QH, Gao T, Wang TH: Optoelectronic characteristics of single CdS
nanobelts. Appl Phys Lett 2005, 86:193109.

Xie X, Kwok SY, Lu Z, Liu' Y, Cao Y, Luo L, Zapien JA, Bello |, Lee CS, Lee ST,
Zhang W: Visible-NIR photodetectors based on CdTe nanoribbons.
Nanoscale 2012, 4:2914-2919.

Li L, Fang X, Zhai T, Liao M, Gautam UK, Wu X, Koide Y, Bando Y, Golberg D:
Electrical transport and high-performance photoconductivity in
individual ZrS, nanobelts. Adv Mater 2010, 22:4151-4156.

Liang Y, Liang H, Xiao X, Hark S: The epitaxial growth of ZnS nanowire
arrays and their applications in UV-light detection. J Mater Chem 2012,
22:1199.

Zhang C, Wang S, Yang L, Liu Y, Xu T, Ning Z, Zak A, Zhang Z, Tenne R,
Chen Q: High-performance photodetectors for visible and near-infrared
lights based on individual WS, nanotubes. App! Phys Lett 2012,
100:243101.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 8 of 8

Binet F, Duboz JY, Rosencher E, Scholz F, Harle V: Mechanisms of
recombination in GaN photodetectors. App/ Phys Lett 1996, 69:1202.

Jie J, Zhang W, Bello |, Lee CS, Lee ST: One-dimensional II-VI
nanostructures: synthesis, properties and optoelectronic applications.
Nano Today 2010, 5:313-336.

Jiang Y, Zhang WJ, Jie JS, Meng XM, Fan X, Lee ST: Photoresponse
properties of CdSe single-nanoribbon photodetectors. Adv Funct Mater
2007, 17:1795-1800.

Li QH, Gao T, Wang YG, Wang TH: Adsorption and desorption of oxygen
probed from ZnO nanowire films by photocurrent measurements.
Appl Phys Lett 2005, 86:123117.

Wu JM, Chen YR, Lin YH: Rapidly synthesized ZnO nanowires by
ultraviolet decomposition process in ambient air for flexible
photodetector. Nanoscale 2011, 3:1053-1058.

Hasan K, Alvil NH, Lu J, Nur O, Willander M: Single nanowire-based UV
photodetectors for fast switching. Nanoscale Res Lett 2011, 6:348.

Zhang J, Chen R, Xu X, Li D, Sun H, Xiong Q: Synthesis and optical
properties of 1I-VI 1D nanostructures. Nanoscale 2012, 4:1422.

Li C, Bando Y, Liao M, Koide Y, Golberg D: Visible-blind deep-ultraviolet
Schottky photodetector with a photocurrent gain based on individual
Zn,GeO,4 nanowire. Appl Phys Lett 2010, 97:161102.

Das SN, Moon KJ, Kar JP, Choi JH, Xiong J, Lee T, Myoung JM: ZnO single
nanowire-based UV detectors. Appl Phys Lett 2010, 97:022103.

Hu'Y, Zhou J, Yeh PH, Li Z, Wei TY, Wang ZL: Supersensitive, fast-response
nanowire sensors by using Schottky contacts. Adv Mater 2010, 22:3327-3332.

doi:10.1186/1556-276X-8-327

Cite this article as: Kuo et al: High sensitivity of middle-wavelength
infrared photodetectors based on an individual InSb nanowire.
Nanoscale Research Letters 2013 8:327.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Results and discussion
	Conclusion
	Competing interests
	Authors' contributions
	Authors' information
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


